Cardiac I Ks is produced by the protein complex comprised of α-and β-subunits: KvLQT1 and minK. Mutations of genes encoding KvKQT1 and minK are responsible for the hereditary Long QT syndrome (Loci LQT1 and LQT5, respectively). MinK-L51H, fails to traffic to the cell surface thereby failing to produce effective I Ks . We examined the effects that minK-L51H, and an ER-targeted minK (minK-ER) exerted over the electrophysiology and biosynthesis of co-expressed KvLQT1. Both minK-L51H and minK-ER were sequestered primarily in the ER as confirmed by lack of plasma membrane expression. Glycosylation and immunofluorescence patterns of minK-L51H
Introduction
Long QT syndrome (LQTS) is a disorder characterized by delayed cardiac repolarization resulting in prolongation of the QT interval on ECG. Patients affected with LQTS present with syncope, and sudden death due to ventricular tachyarrhythmia (3, 9, 37) . Five genes encoding ion channel protein subunits have been linked to the hereditary form of LQTS: KCNQ1 (locus LQT1), KCNH2 (LQT2), SCN5A (LQT3), KCNE1 (LQT5), and KCNE2 (LQT6) (30) . KCNQ1 and KCNE1 encode the α-and β-protein subunits KvLQT1 and minK respectively. These proteins co-assemble to form the potassium (K + ) channel that produces cardiac I Ks, the slowly activating delayed rectifier K current (5, 26) . LQTS-causing mutations of KCNE1 have been identified that result in the autosomal dominant Romano-Ward (RW) form (6, 31) and the rarer autosomal recessive Jervell & Lange-Nielsen (JLN) form (10) .
Several types of accessory subunits exist that interact with the pore-forming subunits of K + channels (18, 22, 23) . These protein-protein interactions usually result in functional changes in channel behavior such as altered gating. Moreover, there is evidence that Kvβ and KChIP subunits (soluble cytoplasmic proteins) also serve a chaperone-like function by altering the abundance of channel proteins expressed at the plasma membrane (13, 16, 25, 29) . The KCNE gene family encodes type-1 transmembrane proteins that are capable of associating with, and regulating, a number of voltage-gated K + channels (1) . Mutations in three of the KCNEs have been linked to human disease (2) . Although regulation of channel gating by the KCNE-encoded proteins is well established less is known about their assembly with the pore-forming subunits or their potential for chaperone-like properties.
Genetic mutations often cause disease due to mis-folding and mis-trafficking of the mutant proteins (34) . This has been well documented for LQ T2 mutations where some HERG mutants are retained in the endoplasmic reticulum (ER) and are rapidly degraded in a process that can lead to a dominant phenotype (11, 12, 15, 44, 45) . KCNEencoded subunits play an important role in modulation of cardiac K + channels. Therefore, studying mechanisms of channel protein co-assembly and surface expression is essential to understanding the pathophysiology of LQTS and other ion channel diseases. LQT mutations of KCNE1 can result in varied phenotypes: dominant suppression of I Ks current, altered gating of I Ks , or a non-dominant trafficking defect of the minK protein (6, 31) . The minK-L51H mutation fails to traffic to the cell surface thereby failing to produce effective I Ks but is functionally non-dominant by electrophysiological analysis (6) . The trafficking defect of minK-L51H provides a useful tool to explore KvLQT1/minK association and channel assembly. In this report we show how minK affects the KvLQT1 α-subunit through the use of two minK trafficking mutants: L51H, a mutation linked to JLNS and wild type minK with an engineered ER retrieval/retention signal at its C-terminus (LRRRKR). We demonstrate that LQT5 mutant minK is capable of conferring trafficking defects onto its α-subunit. Moreover, our results indicate that the site of minK/KvLQT1 association/assembly is the ER and that the mechanism for minK-L51H mis-trafficking differs from receptor-based ER retrieval/retention.
MATERIALS & METHODS

Construction of minK-ER & minK-L51H
Primers were synthesized (GIBCO/Life Technologies) to engineer an ER retention signal (LRRRKR) onto the C-terminus of minK (forward 5'-AAGAATTCAATGATCCTGTCTAACACCACA, reverse 5'-AAAAAAGGATCC TCATCTCTTTCTTCTTCTCAGCGG). Polymerase Chain Reaction was performed using pfu turbo polymerase (Stratagene) to generate blunt-ended fragments. PCR fragments were gel purified and subcloned using the pCR Blunt II TOPO kit (Invitrogen).
The HinDIII and EcoRI fragment containing the cDNA encoding minK-LRRRKR (minK-ER) was ligated into pFLAG-CMV-2 (Sigma) to place the FLAG epitope at the N-terminus. Site-directed mutagenesis of wild type minK to produce FLAG-minK-L51H
and HA-minK-L51H was done using the Quickchange system (Stratagene) as described previously (20 Censys cooled CCD. Non-confocal images were subject to deconvolution with Powerhazebuster (Vaytek) and all images were analyzed with Adobe Photoshop.
RESULTS
Expression of mutant minK and binding to KvLQT1
To confirm minK-L51H and minK-ER protein expression, HEK 293 cells coexpressing KvLQT1 and FLAG tagged minK, minK-ER or minK-L51H (Figure 1A) were lysed and co-immunoprecipitated (co-precipitated) with anti-KvLQT1 antibody.
Binding of KvLQT1 to minK, minK-ER and minK-L51H was observed ( Figure 1B ).
Multiple bands of minK have been shown to represent variably glycosylated forms in transfection systems (32) . Higher glycosylation forms of minK-ER were increased while minK-L51H showed primarily the lower core form compared to wild type minK. This differential glycosylation was observed despite varying cDNA transfection concentration and suggests that these two proteins are processed differently. To confirm that the increased abundance of higher molecular weight forms of minK-ER represented increased glycosylation immunoprecipitated proteins were treated with PNGase F, an endoglycosidase that cleaves all complex sugars from their attachment to asparagine residues. PNGase F treatment of wild type minK and minK-ER eliminated the bands that migrate more slowly thereby confirming their identity as N-link glycoproteins ( Figure   1C ). The enhanced abundance of higher glycosylation forms for minK-ER is likely due to differences in compartmental location. The ER-localization signal of minK functions as a retrieval and retention signal where the protein is repeatedly drawn back from Golgi compartments into the ER. In this case repeated and prolonged exposure to complex carbohydrate processing occurs compared to either those that rapidly traverse the Golgi (wild type minK) or those that never exit the ER (minK-L51H). That all glycosylation forms of minK co-precipitate with KvLQT1 indicates that the association begins early in the biosynthetic pathway, probably in the ER ( Figure 1B ). Even after treatment with PNGase F minK-ER mutant consistently migrated more rapidly than wild type minK despite its additional amino acids. The most like cause for this anomalous gel migration is that the additional residues of minK-ER present significantly more charge, making it move faster in the electrical field. Additional posttranslational modification such as partial proteolysis cannot be ruled out however. To control for non-specific binding due to protein aggregation in a heterologous over-expression system co-immunoprecipitation studies were performed on cells transfected with varying α:β-subunit molar ratios (from 1:0.5 to 1:8). Comparable binding of KvLQT1 to minK was noted at all transfection ratios (data not shown). Moreover, when detergent lysates from different groups of cells expressing either minK or KvLQT1 (both not together) were mixed they were never seen to co-precipitate suggesting.
MinK ER and minK L51H are retained in the endoplasmic reticulum.
Proteins with an RXR motif are retrieved from Golgi and returned to the ER by unknown receptor(s) and mechanisms (42, 43).
To examine the subcellular compartmentalization of minK-ER and L51H, immunofluorescence labeling was performed. MinK, a type 1 membrane protein, was tagged with an N-terminal FLAG epitope that is exposed on the plasma membrane external surface. To detect the surface expression HEK 293 cells transfected with FLAG-minK, FLAG-minK-ER or FLAGminK-L51H were incubated with FLAG antibody and fluorescently labeled secondary antibody prior to fixation or permeabilization. Confocal microscopic examination showed wild type minK plasma membrane expression (Figure 2A ). In contrast, plasma membrane expression was not detected on cells expressing minK-ER or L51H. Cells fixed and permeabilized prior to incubation with anti-FLAG antibody confirmed that minK-ER and minK-L51H proteins were expressed but were retained in reticular intracellular pattern consistent with ER localization (Figure 2A ).
We confirmed these results using immunoprecipitation of surface proteins. Live Analysis by Western blot revealed a single 17kDa band that was detected from the plasma membrane of the cells expressing wild type minK. In contrast, no minK-L51H plasma membrane expression was detected ( Figure 2B ). Fractions of both wild type minK and minK-L51H were detected in intracellular compartments not accessible to surface immunoprecipitation when detergent lysates previously probed for plasma membrane proteins were re-probed with FLAG antibody. Thus, both the engineered ER retrieval/retention signal and the LQT mutation minK-L51H prevented the trafficking of minK to the plasma membrane despite adequate abundance of protein.
As an additional confirmation of altered intracellular localization of minK mutants we examined transiently transfected cells by double label immunofluorescence with antibodies for either a Golgi marker protein (GM130, a gift from Dr. Denis Shields)
or an ER marker protein (calnexin, Affinity Bioreagents) in combination with anti-FLAG antibody to detect the FLAG-tagged minK proteins. The distribution pattern of Golgirestricted GM130 staining was clearly distinct from that of all three mink proteins ( Figure   3 ). Although the staining pattern of the minK mutants was largely different than GM130 there was some degree of coincidence suggesting that some small portion of these transiently transfected proteins was capable of entering the Golgi. Each of the proteins showed considerable overlap with the ER marker however, the wild type minK showed the greater distribution towards the periphery as expected for a surface-expressed protein.
That both the minK-ER and minK-L51H proteins showed a larger intracellular distribution than calnexin suggests either that calnexin has a more restricted sub-domain of ER localization or that the mutant minK protein are being directed to degradation pathways.
KvLQT1 localization is altered by association with mutant minK
We next tested whether trafficking mutants of minK alter the localization of KvLQT1, Kv1.4 α-subunit protein was seen at the plasma membrane when co-expressed with either minK-L51H or wild-type minK. These findings indicate that minK trafficking defects specifically affect KvLQT1 surface expression. Moreover, they support an ER location for co-assembly of α-and β-subunits of the I Ks potassium channel.
LQT mutant minK reduces functional co-expression of KvLQT1 channels.
To determine how the differences in KvLQT1 distribution affected functional K + currents we employed the whole cell configuration of the patch clamp technique to obtain voltage clamp current measurements from KvLQT1/minK-transfected CHO cells.
Current measured in cells transfected with KvLQT1 alone is characterized by rapid activation and inactivation with relatively small current density ( Figure 5A and 6A).
When KvLQT1 is expressed with wild-type minK current amplitude is increased (7-fold ±1) and an alteration in channel kinetics produces the slowly activating non-inactivating currents characteristic of I Ks ( Figure 5B and 6A). These data are consistent with previously described results of minK and KvLQT1 co-expression (5, 19, 26) .
Co-transfection of KvLQT1 with saturating amounts of the mutant minK 
L51H is not dominant negative
Most LQTS mutations are autosomal dominant in inheritance and exhibit dominant phenotypic mechanisms at the molecular level. The minK-L51H, however, has been linked to the Jervell and Lange-Nielsen form of LQTS with a recessive inheritance (6) . We co-expressed wild type and minK-L51H with KvLQT1 to test for a dominant or recessive effect of the mutation. Whole cell voltage clamp experiments were used to determine whether minK-L51H could significantly reduce I Ks channel current in the presence of wild type minK. Currents in cells transfected with L51H and minK in equal proportions showed I Ks -like kinetics without a significant reduction in maximum current density ( Figure 7 ).
The stoichiometry of minK within the KvLQT1-minK channel complex is not known with certainty. Most estimates have been between 1 and 4 minK peptides per channel with one report suggesting as many as 14 (36, 38, 39) . If an LQT mutation of minK were dominant over wild type protein co-assembled within the same channel then the phenotype would follow a binomial pattern to the nth (with n = number of subunits per channel) (15, 17, 38) . Thus, assuming random and equal association of minK subunits within the channel and complete dominance of the mutant we would expect a 75% reduction in current amplitude for a 50/50 mix of wild type and L51H if there are 2 subunits per channel. Higher order subunit stoichiometry would result in greater current reductions. That we find no reduction of current in cells co-expressing wild type and minK-L51H argues against a dominant phenotype and suggests that the wild type protein may act to rescue channels from the mutant effect. These results were consistent with clinical findings in a patient reported to be a minK-L51H carrier who had a normal Q-T interval on surface ECG recordings (6) . To address the mechanism of this non-dominant mutant we co-expressed minK-L51H and KvLQT1 with un-tagged minK ( figure 7D ).
Immunofluorescence of non-permeabilized, intact cells showed that co-expression of wild type minK resulted in surface expression of L51H minK, which was never observed for L51H without minK (Fig. 2B) .
DISCUSSION:
Defects of ion channel subunit trafficking and assembly have been implicated in numerous ion channelopathies including Cystic Fibrosis, Persistent Hyperinsulinemia of Infancy, and LQT syndrome (7, 8, 14, 15, 40, 44) . In this report we examined the mechanisms of protein subunit assembly and trafficking required for I Ks . Our results demonstrate that minK trafficking mutants alter localization of co-expressed wild type KvLQT1. The α-and β-subunits of the I Ks channel physically associate within the ER.
Although minK-ER and minK-L51H result in similar localization patterns for KvLQT1 functional K + channel activity differs. Therefore, the mechanisms responsible for ER retention of minK-L51H are different from ER retention/retrieval signals. Co-expression of both minK-L51H and wild type minK together with KvLQT1 confirm, on a molecular and functional level, that minK-L51H is not a dominant negative mutation.
Our finding that KvLQT1 and minK physically associate in the ER is analogous the work by Nagaya and co-workers characterized the biogenesis of Shaker K + channel proteins in HEK293 cells. Biogenesis of Shaker included α-subunit tetramerization, core glycosylation and association with Kvβ2 subunits in the ER (21) . Collectively, these studies underscore the importance of the ER in subunit oligomerization, glycosylation, and trafficking of K + channels.
We show that an engineered minK-ER binds to the KvLQT1 α-subunit and prevents its trafficking to the plasma membrane. The ER retention/retrieval signal attached to the minK-ER C-terminus contains an RKR motif. This motif, noted by
Zerangue and co-workers in K-ATP channel subunits, appears to function as a quality control mechanism. Partially assembled K-ATP channel proteins have an RKR motif that is exposed causing ER retention (43) . The cytoplasmic reticular immunofluorescence pattern of minK-L51H is similar to the minK-ER and is consistent with ER retention.
KvLQT1 binds both ER localized minK mutants implicating ER oligomerization of I Ks channel α-and β-subunits. One difference between our results and those of Bianchi and coworkers is that co-expression of minK-L51H did not reduce KvLQT1 current expression as much as we observed (6) . A possible explanation for the difference may be in the expression systems used. We have used mammalian CHO cells whereas the other group used Xenopus oocytes. Xenopus oocytes are now known to express considerable amounts of KCNE-encoded proteins which may alter the non-dominant effect of minK-L51H (4).
MinK-L51H and minK-ER appear to have distinctly different mechanisms of ER retention. Both mutant minK proteins exhibit identical cytoplasmic reticular patterns on immunofluorescence labeling consistent with an ER locale. A small fraction of minK-ER however, was consistently seen on the surface while no minK-L51H was detected on the cell surface. These biochemical data were consistent with the patch clamp measurements of whole cell current. No evidence of functional minK was ever detected with minK-L51H, whereas a small fraction (~14% compared to wild type minK+KvLQT1) of minK-ER with functional characteristics similar to wild type minK was seen. Sequence-based receptor mechanisms for ER retrieval and retention may become saturated in an over expression system allowing a small amount of the minK-ER protein to escape to the cell surface where it has normal function (33, 42). Our results suggest that the minK-ER is not as avidly retained in the ER as the L51H mutant.
What is the mechanism of minK-L51H retention? Based on the differences between minK-ER and minK-L51H function and glycosylation it appears unlikely to be a receptor based retention retrieval mechanism. The substitution of a bulky positively charged histidine for a leucine in the transmembrane segment of minK is likely to result in mis-folding or altered conformation of minK-L51H. An efficient protein qualitycontrol system prevents targeting to the cell surface. Quality control mechanisms may entirely prevent mis-folded proteins exit from the ER rather than retrieval from the Golgi.
A caveat to this interpretation is that our immunofluorescence data suggest that a small fraction of all three of the recombinant minK proteins may co-localize with the Golgi protein GM-130. This may be a function of an over-expressed protein under strong viral promoter that produces some leakiness in the cellular trafficking. Our other results however (differential glycosylation, absence on the cell surface and altered current), point to L51H failing to transit from ER to Golgi.
MinK has two N-glycosylation consensus sites at N5 and N26, complex glycosylation at a single site is predicted to yield a mass of ~21kDa and at both sites ~25kDa. The greater abundance of complex glycosylation forms of minK-ER is consistent with a protein that repeatedly enters the Golgi and is retrieved to the ER during where there is constant exposure to ER/Golgi glycosylation enzymes. In contrast minK L51H consistently demonstrated lowest abundance of higher complex glycosylated forms of minK suggesting that it fails to exit the ER due to protein quality control mechanisms.
The predominance of low molecular weight minK in either whole cell lysates or on the surface probably represents limited kinetics of the glycosylation machinery. With forced over-expression of a small protein such as minK it is reasonable to expect a rate of production and transit through the Golgi that exceeds the capacity of glycosylation.
Our results indicate that minK is not a chaperone for KvLQT1, in the strict sense, since there is no change in the immunofluorescence locale of the channel when expressed with or without wild type minK. The augmented current density that minK confers on KvLQT1 is attributable to changes in single channel behavior (28, 41) . In summary our data provide insight into mechanisms of ER retention and their importance in LQT syndrome. Our results show that minK-L51H is not a dominant negative mutation confirming findings found in gene carriers (6) . Furthermore we provide evidence suggesting that the mechanism of ER retention is differs from ER retention/retrieval and that the subunits of the I Ks channel assemble at the level of the ER.
Future studies that focus on mechanisms of ER retention and protein trafficking are necessary and are likely to reveal therapeutic targets to treat diseases caused by defects in protein trafficking and assembly. shows that the larger bands of minK-ER are also PNGase F-sensitive. 
